). This is based on the finding that brachiopod shells are precipitated in oxygen-isotope equilibrium with ambient seawater (Lowenstam, 1961) . Recently, Brand et al. (2003) examined the isotopic composition of many brachiopods living in a wide range of depths and latitudes and concluded that, in most cases, oxygen-isotope incorporation into shell calcite (secondary layer) of modern rhynchonelliform articulated brachiopods occurs in equilibrium with the ambient water; as such, it reflects the temperature and/or 
We present carbon-and oxygen-isotope compositions in a shell (δ 13 C S and δ 18 O S , respectively) of a modern brachiopod Campagea japonica collected at a water depth of 606 m off Aguni-jima, Central Ryukyu Islands, southwestern Japan. The δ 13 C S and δ 18 O S profiles of the outermost portions of the secondary shell layer along the axis of shell growth do not display significant seasonal variations. The δ 13 C S values display a gradual decrease with growth, whereas the δ 18 O S values are nearly constant. The δ 13 C S and δ 18 O S values along a particular growth line and from the inner shell surface are rather constant. The δ 13 C S values near the posterior shell edge of the ontogenetic series and the δ 18 O S values near the anterior shell edge of the inner series fall within the ranges of δ 13 C and δ 18 O values of calcite in equilibrium with ambient seawater (equilibrium calcite) (δ 13 C EC and δ 18 O EC , respectively). Therefore, they are the best portions to use as proxies of δ 13 C values of dissolved inorganic carbon (δ 13 C DIC ) and temperature and/or δ 18 O values of seawater (δ 18 O SW ), respectively. The δ 13 C S values of the ontogenetic series near the anterior shell edge and the entire isochronous and inner series display the smallest decrease (less than ~0.2‰) compared with the δ 13 C EC values. The δ 18 O S values of the entire ontogenetic series and an interior part of the inner series are slightly greater (less than ~0.3‰) than the δ 18 O EC values. Thus, these portions can be used as paleoenvironmental proxies if appropriate corrections are made. A significant positive correlation is recognized between the δ 13 C S and δ 18 O S values for the ontogenetic-series samples, which can be ascribed to a kinetic isotope effect. A metabolic isotope effect is not evident for the δ 18 O S values in these samples. Our study provides useful information for the appropriate selection of brachiopod taxa and shell portions that reflect isotopic composition of ambient seawater for paleoenvironmental studies.
INTRODUCTION
Carbon-and oxygen-isotope compositions of rhynchonelliform brachiopod (Williams et al., 1996;  hereafter called "brachiopod") shells (δ 13 C S and δ 18 O S , respectively) have been preferentially used to reconstruct paleoclimatic and paleoceanographic conditions throughout the Phanerozoic, especially in the Paleozoic (e.g., been believed to represent δ 13 C values of dissolved inorganic carbon in seawater (δ 13 C DIC ) (e.g., Mook and Vogel, 1968; Killingley and Berger, 1979; Arthur et al., 1983) . However, some recent studies illustrated that both δ 13 C S and δ 18 O S values of modern brachiopods are predominantly influenced by biological isotope fractionation (e.g., Carpenter and Lohmann, 1995; Auclair et al., 2003; Parkinson et al., 2005; Yamamoto et al., 2010a Yamamoto et al., , 2010b Yamamoto et al., , 2011 and that the degree of biological isotope fractionation varies, even within a single shell, as well as among taxa (Auclair et al., 2003; Yamamoto et al., 2010a Yamamoto et al., , 2010b Yamamoto et al., , 2011 . This knowledge is based on rigorous comparisons of δ 13 C S and δ 18 O S values of modern brachiopods with those of calcite precipitated in isotopic equilibrium with ambient seawater (equilibrium calcite) (δ 13 C EC and δ 18 O EC ). However, such comparative studies have been conducted on limited brachiopod species. Therefore, detailed investigations are still needed on within-shell and intra-/interspecific variations in δ 13 C S and δ 18 O S values of modern brachiopod shells to make the values more reliable proxies of δ 13 C DIC values and seawater temperature and/or δ 18 O SW values, respectively. The purposes of this study were (1) to illustrate withinshell variation in the δ 13 C S and δ 18 O S values of a modern brachiopod Campagea japonica from a subtropical deepwater environment (606 m water depth) off Aguni-jima, Central Ryukyu Islands, southwestern Japan and (2) to determine which shell portions of C. japonica reliably record ancient oceanographic conditions. Because a number of fossil brachiopods occur from low to middle latitudes (Powell, 2009) , our investigation of the δ 13 C S and δ 18 O S values of this species will expand our knowledge about the isotopic composition of fossil brachiopods and contribute to a sound basis for their interpretation.
MATERIALS AND METHODS

Brachiopod and seawater samples and oceanographic data
One living specimen of C. japonica, attached to a pebble-sized fragment of an echinoid plate, was recovered from the sandy bottom at a water depth of 606 m by dredging east of Aguni-jima (GH09 KG-219: 26°34.93′ N, 127°20.14′ E) on 11 August 2009 during the R/V Daini Hakurei-maru GH09 cruise, which was conducted by the Geological Survey of Japan, National Institute of Advanced Industrial Science and Technology (AIST/GSJ) ( Fig. 1) . The length of the specimen is ~11 mm (from the posterior to the anterior edges), and its width is ~10 mm (Fig. 2) . Bottom seawater for isotopic analyses was collected, with a 6 L Van Dorn water sampler, at 27 sites west of Okinawa-jima between 4 and 20 November 2010 during the R/V Daini Hakurei-maru GH10 cruise (Table 1) . Temperature and salinity profiles were measured with an IDRONAUT S.r. Conductivity-Temperature-Depth profiler (CTD) at the bottom water-sampling sites (Fig.  1) . Water samples were filtered with a 0.45-µm-membrane filter, collected in a 30-mL glass vial, sealed immediately after collection, and stored in a cool and dark location. Water samples for measuring δ 13 C DIC values were fixed with ~100 µL of a saturated HgCl 2 solution. Long-term (1906 Long-term ( -2003 monthly mean seawater temperature and salinity data were obtained off Okinawa-jima (26°-27°N, 127°-128°E) by the Japan Oceanographic Data Center (JODC, 2011; http://www.jodc.go.jp/ index.html) (Fig. 3) . The monthly mean seawater temperature and salinity at 600 m water depth are relatively constant: 9.1°C to 9.9°C (mean = 9.4°C, 1σ = 0.3°C, n = 141) and 34.28 to 34.37 (mean = 34.33, 1σ = 0.03, n = 70), respectively (Fig. 3) . Seawater temperature and salinity measured at the brachiopod-sample site on 11 August 2009 by the CTD were 9.4°C and 34.38, respectively, which indicates that the seawater temperature and salinity data obtained by JODC are considered to represent those at the brachiopod-sample site.
Observation of shell microstructure and high-resolution sampling of shell
Before collecting samples for isotopic analysis, the microstructure of a ventral valve of C. japonica was observed with a Hitachi SU6600 field emission scanning electron microscope (SEM), using a 2 kV accelerating voltage and a 32 mA emission current.
We conducted high-resolution sampling, at ~0.2-1.0 mm intervals, of the ventral valve of C. japonica using a 0.12 mm drill bit. Following Auclair et al. (2003) and Yamamoto et al. (2010a Yamamoto et al. ( , 2010b Yamamoto et al. ( , 2011 , the ontogeneticseries (CJ-Ont) and isochronous-series (CJ-Iso) samples and inner-series (CJ-In) samples were collected from the outer and inner surfaces of the secondary shell layer, respectively (Fig. 2) .
Carbon-and oxygen-isotope analyses
Stable isotope analyses of shell calcite were performed using a ThermoFisher DeltaV Advantage mass spectrometer, coupled with a ThermoQuest Kiel-III automated carbonate device, at the Graduate School of Environmental Studies, Nagoya University. δ 13 C S and δ 18 O S values were calibrated to the NBS-19 international standard relative to Vienna Pee Dee belemnite (VPDB). δ 13 C DIC values of seawater was measured following a simple headspace method, using a gas chromatograph/combustion furnace/isotope-ratio mass spectrometer (ThermoFisher DeltaV Advantage mass spectrometer, coupled with a ThermoFisher ConFloIV interface), at the Atmosphere and Ocean Research Institute, The University of Tokyo (Miyajima et al., 1995) . The δ 13 C DIC data
Fig. 2. Photograph of a ventral valve of C. japonica showing the transects along which samples for isotopic analyses were collected. (A) Outer surface of the ventral valve showing the ontogenetic series (CJ-Ont) and the isochronous series (CJ-Iso). (B) Inner surface of the ventral valve showing the inner series (CJ-In).
were calibrated with respect to VPDB using a laboratory reference CO 2 gas (δ 13 C = -28.97‰ VPDB). Following the method proposed by Epstein and Mayeda (1953) and Asami et al. (2004 Asami et al. ( , 2009 , the δ 18 O SW values were measured using a CO 2 -H 2 O equilibration device, attached to a Finnigan MAT 252 mass spectrometer, at the Technology Research Center, Japan Oil, Gas and Metals National Corporation (JOGMEC/TRC). The δ 18 O SW values were calibrated with respect to the Vienna Standard Mean Ocean Water (VSMOW) international standard using laboratory standard water. External precisions (1σ) for carbon-and oxygen-isotope analyses, based on replicate measurements, were ±0.02‰ and ±0.03‰ for shell carbonates and ±0.2‰ and ±0.05‰ for seawater, respectively. Correlations of the δ 13 C S and δ 18 O S values were evaluated using the reduced major axis regression technique (Sokal and Rohlf, 1994) , the significance of which was examined statistically using the two-sided Pearson test, with a 99% confidence limit. (Table 1) . We also use previously published δ 13 C DIC values for seawater samples collected east and south of the island during the R/V Daini Hakurei-maru GH08 cruise (GH08 cruise) conducted in July and August 2008 (Suzuki et al., 2009 ; water samples of the GH08 cruise were collected only in August).
The seawater δ 13 C DIC values collected at water depths of ~400-800 m (±200 m of the brachiopod-sample depth (606 m)) west of Okinawa-jima during the GH10 cruise range from ~-0.3 to ~0.1‰ (Table 1; Fig. 3 ). Suzuki et al. (2009) reported that the δ 13 C DIC values from a similar range in water depth (~400-1000 m) varied from ~-0.2 to ~0.4‰ east and south of Okinawa-jima (GH08 cruise in Fig. 3B ). These data are in accordance with those in Amano et al. (2011) and Suzuki et al. (2011) .
the World Ocean Circulation Experiment (WOCE) database. The δ 13 C DIC values in those ranges in the Ryukyu Islands show linear decreases with increasing water depth, yielding the following equations with high correlation coefficients: δ 13 C DIC = -0.0013x + 0.63 (r 2 = 0.810; n = 10; p < 0.05; west of Okinawa-jima; this study)
(1) δ 13 C DIC = -0.0011x + 0.82 (r 2 = 0.997; n = 3; p < 0.05; east and south of Okinawa-jima; derived from the data of Suzuki et al., 2009) (2) Long-term (1906 Long-term ( -2003 (Talley, 2007) . WOCE sections and stations from which δ 13 C DIC data were derived are Section P10, Stations 65 (23.183°N, 149.3417°E), 66 (23.833°N, 149.3333°E), 68 (25.170°N, 149.3362°E), and 71 (27.167°N, 149.3362°E) and Section P13, Stations 54 (31.326°N, 164.9843°E), 56 (21.967°N, 165.0103°E), 59 (19.988°N, 165.0053°E), 63 (24.343°N, 164.9848°E), 64 (26.018°N, 165.0645°E), and 65 (28.034°N, 164.9992°E where x is water depth. Based on these equations, the δ 13 C DIC values at a water depth of 606 m are estimated as -0.2 ± 0.1‰ and ~0.2 ± <0.05‰, respectively. Because Suzuki et al. (2009) collected their samples in August, and our samples were collected in November, the difference in the δ 13 C DIC values may represent seasonal fluctuations. Therefore, we assume that the δ 13 C DIC values around the brachiopod-sample site range from -0.3‰ to 0.2‰. For estimating δ 13 C EC values, we calculate concentrations of each CO 2 species using the CO 2 system calculation program (CO2SYS) of Pierrot et al. (2006) , with DIC, total alkalinity, and hydrographic data provided by Suzuki et al. (2010) . Then we calculate δ 13 C HCO 3 − values using carbon-isotope fractionation factors among CO 2 species (Zhang et al., 1995) and observed δ 13 C DIC values ranging from -0.3‰ to 0.2‰, resulting in δ 13 C HCO 3 − values at the brachiopod-sample site that are ~0.3‰ (0.25‰) greater than δ 13 C DIC values. Finally, the δ 13 C EC values, calculated using the above-mentioned δ 13 C DIC values and the calcite-HCO 3 -enrichment factor (1.0 ± 0.2‰; Romanek et al., 1992) , should range from ~0.8‰ tõ 1.7‰ around the brachiopod-sample site. However, it should be noted that these calculated δ 13 C EC values are approximate, because of the limitation of δ 13 C DIC -value data around the Ryukyus Islands. The δ 18 O SW values collected at water depths of 400-800 m west of Okinawa-jima during the GH10 cruise range from ~-0.2‰ to ~0.1‰ (Table 1; Fig. 3 ). The depth profile of the δ 18 O SW values in this area correlates roughly with those reported from the subtropical northwestern Pacific Ocean (Schmidt et al., 1999; Oba and Murayama, 2004) . The δ 18 O SW values west of Okinawa-jima exhibit a linear decrease with increasing water depth, yielding the following equation with a high correlation coefficient: δ 18 O SW = -0.0006x + 0.32 (r 2 = 0.59; n = 9; p < 0.05)
where x is water depth. Based on this equation, the δ 18 O SW value for a water depth of 606 m is estimated to be -0.04 ± 0.06‰. According to JODC data, salinity at a water depth of 600 m west of Okinawa-jima falls in a narrow range from 34.28 to 34.37 (Fig. 3) . Salinity measured at the brachiopod-sample site by the CTD was 34.38, which agrees well with the JODC data. This indicates that δ 18 O SW values, which correlate well with salinity (e.g., LeGrande and Schmidt, 2006) , are approximately constant at the brachiopod-sample site. Consequently, we assume that the δ 18 O SW values fall in a range from -0.1‰ to 0‰. Based on the equation provided by Friedman and O'Neil (1977) , the δ 18 O EC values at the brachiopodsample site are estimated to range from 1.3‰ to 1.6‰, using seawater temperature ranging from 9.1°C to 9.9°C and δ 18 O SW values ranging from -0.1‰ to 0‰.
RESULTS
Shell microstructure
SEM images indicate that the shell of C. japonica is composed of two layers (Fig. 4) . The outer primary layer is less than ~35 µm thick and has a finely granular and compact texture. The secondary layer accounts for the majority of the shell thickness (<80 µm) and consists of long, thin calcite fibers. The secondary shell layer near the posterior shell edge is relatively thick and composed of an upper layer of horizontal calcite fibers and a lower layer of calcite fibers that are tilted at up to 15° to the inner shell surface (Fig. 4A) . The secondary layer near the anterior shell edge consists exclusively of horizontal fibers (Fig. 4B) . Perforations ("punctae"), which are ori- ented perpendicular to the shell surface, penetrate the primary and secondary shell layers. 
DISCUSSION
Effects of biological isotope fractionation
Cross-plots of the δ 13 C S and δ 18 O S values for C. japonica show a significant positive correlation (r 2 = +0.23, n = 37, p < 0.01) in the ontogenetic series, which can be ascribed to a kinetic isotope effect ( Fig. 6 ; McConnaughey, 1989a, b; McConnaughey et al., 1997; Auclair et al., 2003; Yamamoto et al., 2010a, b) . In this scheme, the isotopic compositions of the slow growthrate portions (=higher δ 13 C-and δ 18 O-value endmembers on the cross-plots) must be equivalent or very similar to those of equilibrium calcite. However, such shell portions from C. japonica are enriched in 18 O compared with equilibrium calcite. Such enrichment was reported from "brachiopods" (Rahimpour-Bonab et al., 1997 ; no genus and species names indicated) and Kikaithyris hanzawai and Basiliola lucida (Yamamoto et (Zhang et al., 1995; Rollion-Bard et al., 2003) . A previous study demonstrated that brachiopod shells are precipitated from an internal fluid with varying pH (Hughes et al., 1988) . However, the effect of pH on brachiopod δ 13 C S and δ 18 O S values has not been examined and remains unknown.
A difference in the δ 13 C values between equilibrium calcite and the higher δ 13 C-and δ 18 O-value endmembers can be explained, in part, by a metabolic isotope effect (McConnaughey, 1989a; McConnaughey et al., 1997; Rollion-Bard et al., 2003) . Such an effect is evident in Laqueus rubellus (Yamamoto et al., 2010a) . However, the higher end-members of C. japonica have δ 13 C S values that are identical to the δ 13 C EC values (Fig. 6) . In contrast to these species, the higher end-members of K. hanzawai and B. lucida are enriched in 13 C relative to equilibrium calcite (Yamamoto et al., 2010b) . Therefore, it can be concluded that the extent of the metabolic isotope effect on the δ 13 C values of brachiopod shells is likely to differ, depending on the species.
C. japonica shows ontogenetic decreases in the δ 13 C S values. Such ontogenetic decreases are recognized in K. hanzawai and B. lucida as well (Yamamoto et al., 2010b) . In contrast, Terebratalia transversa (Auclair et al., 2003) and L. rubellus (Yamamoto et al., 2010a) show no ontogenetic decrease. These indicate that the factors controlling the ontogenetic variations in δ 13 C S values from brachiopod shells remain unknown, and further investigations are needed to identify them.
Characteristically, the CJ-In samples have identical δ 13 C S values and identical or lower δ 18 O S values compared with lower δ 13 C-and δ 18 O-value end-members of the CJ-Ont samples (Fig. 6) . In marked contrast, the inner-series samples from other species have δ 13 C S and δ 18 O S values that are similar to, the same as, or 13 Cenriched compared with those of higher δ 13 C-and δ 18 Ovalue end-members of the ontogenetic-and isochronousseries samples (Auclair et al., 2003; Yamamoto et al., 2010a, b) . The higher δ 13 C and δ 18 O values in these species are considered indicative of a very slow rate of shell thickening. C. japonica has very thin shells, and the shell near the posterior edge (Fig. 4A ) is nearly as thick as the shell near the anterior edge (Fig. 4B) , which suggests limited accretion of isotopically heavy calcite caused by a very slow rate of shell thickening.
Which shell portions of C. japonica reliably record oceanographic conditions?
To Modern brachiopods belonging to the genus Campagea live in tropical to subtropical areas, and their fossil record dates back to the Miocene (Hatai, 1940 
CONCLUSIONS
We investigated carbon-and oxygen-isotope compositions of a living subtropical brachiopod (C. japonica) collected at a water depth of 606 m off Aguni-jima, Central Ryukyu Islands, southwestern Japan. The results of this study are summarized as follows.
(1) The δ 13 C S profile of the CJ-Ont samples exhibits a gradual decrease with growth. The δ 13 C S values of the CJ-Ont samples collected near the posterior shell edge fall within a range of δ 13 C EC values. 
